The cocrystal structure of the PP7 bacteriophage coat protein in complex with its translational operator identifies a distinct mode of sequence-specific RNA recognition when compared to the well-characterized MS2 coat protein-RNA complex. The structure reveals the molecular basis of the PP7 coat protein's ability to selectively bind its cognate RNA, and it demonstrates that the conserved b-sheet surface is a flexible architecture that can evolve to recognize diverse RNA hairpins.
The inherent sequence diversity generated by RNA replication, which allows RNA viruses to evolve, must be tempered by the need for conservation of functional elements within the viral genome. The coat proteins of single-stranded (ss) RNA bacteriophages have both structural and regulatory roles in the viral life cycle, as they assemble into the mature capsid and regulate translation of the phage replicase through binding and sequestration of an RNA hairpin that contains the initiation site 1 . The coat protein and translational operator form a pair that must coevolve, so that mutation in one must be accompanied by compensatory mutations in the other. The Pseudomonas aeruginosa bacteriophage PP7 is a model system for exploring coevolution because of the extensive sequence divergence of both the PP7 coat protein and translational operator from other ssRNA bacteriophages 2 . The PP7 and MS2 coat proteins share only 15% sequence identity, and their cognate RNA hairpins differ in the position of the bulged adenosine as well as in the size and nucleotide composition of the loop (Fig. 1a) . Biochemical experiments have shown that both coat proteins bind their own RNA hairpins with high affinity (K d B 1 nM) and are able to discriminately bind in favor of their own RNA by B1,000-fold 3, 4 . In contrast to the PP7 coat protein, the Qb coat protein also shares low sequence identity (21%) with the MS2 coat protein, yet it uses an RNA-binding mode similar to that of the MS2 coat protein [5] [6] [7] .
To investigate the structural basis of RNA recognition by the PP7 coat protein, we determined crystal structures of a truncated version of the protein that is deficient in capsid assembly (PP7DFG) both in the unbound form (1.6 Å resolution) and in complex with a 25-nt RNA hairpin (2.4 Å resolution) (Supplementary Table 1 , Supplementary Fig. 1 and Supplementary Methods online).
PP7DFG was generated by removing residues 67-75 and, notably, this truncation binds its translational operator with affinity similar to that of the full-length protein ( Supplementary Fig. 2 online) . The PP7DFG monomer adopts the topology characteristic of ssRNA bacteriophage coat proteins, with an N-terminal b hairpin, a five-stranded antiparallel b sheet and two C-terminal a helices ( Supplementary Fig. 3a online) [8] [9] [10] [11] . Antiparallel association of protomers in the dimer positions the last b strands adjacent to one another, resulting in a ten-stranded b sheet that comprises the RNAbinding surface. The interwoven packing of the a helices between each other and the N-terminal b hairpins further stabilizes the dimer, combining with the b sheet interface to bury B3,000 Å 2 of solventaccessible surface area. The PP7DFG dimer has almost identical free and bound structures (r.m.s. deviation o 0.9 Å for all Ca atoms) and is similar to that of the MS2 coat protein (r.m.s. deviation of o 2.3 Å for all Ca atoms) ( Supplementary Fig. 3b) .
The global organization of all six PP7DFG-RNA complexes in the asymmetric unit resembles that of the MS2 coat protein-RNA complex, despite the differences in RNA targets (Fig. 1b,c) . The RNA hairpin binds across the PP7DFG dimer interface and buries B950 Å 2 of solvent-accessible surface area. The RNA stem comprises five base pairs below and four base pairs above the bulged adenosine (A(-7)) and adopts the standard A-form helical conformation. All of the ribose sugars in the hairpin have C3¢-endo sugar puckers except for four (A(-7), A+1, G+3, G+4) that adopt C2¢-endo conformations.
In the RNA loop, three of the six bases (A(-2), A+1 and G+3) form a purine stack that continues the base stacking of the helical stem (Fig. 2a) . The foundation of this stack is formed by A-2, which stacks directly upon the G(-3)-C+5 base pair at the top of the stem. The RNA backbone kinks at the U+2 phosphate and positions the G+3 base in the middle of the purine stack between the A(-2) and A+1 bases. The U(-1) base is flipped out and away from the purine stack, and its conformation is stabilized by interactions with the PP7DFG dimer. Both U+2 and G+4 extend away from the RNA loop as well, but their role in stabilizing the complex is unclear because they do not form equivalent interactions in the six complexes within the asymmetric unit. In complexes that do not make crystal contacts to this region, the electron density for the U+2 and G+4 bases is weak, suggesting that these nucleotides do not play a prominent role in binding. The structure of the RNA loop is consistent with previous SELEX experiments that found that U(-1), A+1 and G+3 were conserved and that the nucleotide in position -2 must be a purine 12 .
The bulged adenosine (A(-7)) and the adenosine that forms the top level of the purine stack (A+1) are recognized by nearly identical interactions made by symmetrically positioned pockets on the PP7DFG dimer (Fig. 2a-c) . The binding pockets are located along the dimer interface and are formed by six residues (Arg54, Lys58, Val83, Ser85, Asp87 and Thr89), with each protomer contributing three residues. Because many of the interactions are redundant, recognition of A(-7) will be described in detail and only the differences found in the A+1 binding pocket will be highlighted. For clarity, the prime symbol denotes residues located on the opposite protomer of the PP7DFG dimer.
The upper surface of the A(-7) binding pocket is formed by the hydrophobic side chain of Val83¢ and the aliphatic portion of the Lys58¢ side chain, which make van der Waals contacts with the base (Fig. 2b,c) . In the A+1 pocket, the side chain amine of Lys58 hydrogen bonds to the 2¢OH of G+3 and likely stabilizes its C2¢-endo sugar pucker (Fig. 2c) . Asp87, Thr89 and Ser85¢ form the middle level of the pocket and make sequence-specific contacts to the adenine base. The side chain OH of Thr89 is within hydrogen-bonding distance of both the adenine N7 and N6 exocyclic amines. The backbone carbonyl of Asp87 is also within hydrogen-bonding distance of the N6 exocyclic amine. The third RNA-protein interaction at this level is a hydrogen bond between the OH of Ser85¢ and adenine N1. Arg54, whose guanidinium group makes a cation-p stacking interaction with the adenine base, forms the base of the binding pocket. The position of the Arg54 side chain is buttressed by hydrogen bonds to the side chain of Asp87. In the A+1 pocket, the Arg54¢ guanidinium group makes two hydrogen bonds to O6 and N7 of G+3 to specifically recognize the guanine base. (Fig. 2c) . The importance of Lys58 and Arg54 in RNA recognition is supported by experiments that demonstrate that mutation of these residues leads to severe repression defects 4 .
The PP7DFG-RNA complex is further stabilized by several hydrogen bonds and electrostatic interactions outside of the adenine recognition pockets. The backbone amide of Gly48¢ and the side chain of Asn47¢ make hydrogen bonds to phosphate oxygens of A(-2) and U(-1), respectively. The U(-1) nucleotide is extended away from the loop into a pocket formed by Thr51¢, Ala52¢, Val91¢ and Thr81. The backbone amide and side chain OH of Thr81 make hydrogen bonds to the O2 and 2¢-OH of U(-1). Another potential hydrogen bond exists between the side chain carboxylic acid of Asp60 and the A+1 O2¢, which may stabilize its C2¢-endo sugar pucker. A similar interaction is observed in the MS2 coat protein-RNA complex, where Glu63 is hydrogen bonded to the U(-5) 2¢ OH 13 . Crystal-packing differences result in the side chain of Arg24 stacking with the guanine base of G+4 and contacting either its O4 or phosphate oxygens. Weak electron density and alternate conformations of the Arg24 side chain suggest that this interaction does not contribute substantially to the overall affinity of complex. There are also several positively charged residues (Arg24¢, Arg39, Arg45¢) that may participate in favorable electrostatic interactions with the phosphate backbone of the RNA.
Although the PP7 and MS2 coat proteins share similar protein scaffolds, their RNA-binding surfaces have evolved to specifically recognize distinct RNA hairpins. The most notable difference between the two structures is the location of the adenine-recognition pockets, which are important components of binding for both coat proteins 12, 14, 15 . In the PP7 coat protein, the pockets are aligned along b c the dimer axis and are formed by residues from both protomers (Fig. 3a) . These pockets are rotated B901 with respect to the dimer axis in the MS2 coat protein and consequently are composed of residues from only one protomer (Fig. 3b) . In the MS2 coat protein, four residues (Val29, Thr45, Ser47, Lys61; MS2 numbering) that are highly conserved in ssRNA bacteriophage coat proteins form the A(-4) and A(-10) binding pockets (Figs. 1a and 3b) 15 . Because of the different orientation of the binding pockets in the PP7 and MS2 coat proteins, these conserved residues have distinct functions. Of the four residues, only the conserved lysine (Lys61 in MS2 and Lys58 in PP7) is involved in RNA binding in both complexes, albeit via different interactions (Fig. 3a,b) . In the PP7 coat protein, the aliphatic portion of the Lys58 side chain combines with Val83 to form the top wall of the pocket, whereas in the MS2 coat protein, Lys61 forms the bottom wall. In the MS2 coat protein, Thr45 and Ser47 line the A(-4) and A(-10) binding pockets and recognize the adenine base; however, Ser85 and Thr89, not Thr41 and Ser43, perform the analogous role in the PP7 coat protein. Consistent with the interactions found in the PP7DFG cocrystal structure, mutagenesis of Thr41 and Ser43 demonstrated that these residues do not contribute to RNA binding 4 . The hydrophobic Val29 side chain in the MS2 coat protein forms the top surface of the binding pockets, but in the PP7 coat protein this residue is replaced by an arginine (Arg24). This substitution to a much larger polar side chain is unique among phage coat proteins to PP7 and may be a key determinant in preventing interaction with the MS2 hairpin.
The PP7 and MS2 coat proteins represent two distinct solutions to the problem of sequence-specific recognition of an asymmetric RNA hairpin by a symmetric binding surface. The coevolution of the PP7 coat protein and its translational operator has resulted in the formation of adenine recognition pockets whose orientation relative to the dimer axis differ considerably from those of the MS2 coat protein. This dramatic rearrangement explains the inability of the two coat proteins to bind the other's RNA target. The extended b-sheet surface revealed by the PP7DFG-RNA structure is a flexible scaffold capable of recognizing diverse RNAs with high specificity. By engineering coat proteins with altered RNA target specificities, it will be possible to expand the experimental applications of ssRNA bacteriophage coat proteins in RNA affinity purification, tethering and fluorescence labeling of RNAs for live cell imaging [16] [17] [18] [19] .
Accession codes. Protein Data Bank: Coordinates have been deposited with accession codes 2QUD (PP7DFG) and 2QUX (PP7DFG-RNA complex). 
